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Magnetization Reversal in Ultrathin Ferromagnetic Films with Perpendicular Anisotropy:
Domain Observations
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We report on the first observation of magnetic domain structure during spin reversal under field in ul-

trathin metallic films with perpendicular anisotropy. The magnetization reversal is dominated either by
the nucleation process or by domain-wall motion. The related magnetic aftereA'ect is analyzed starting
from the Fatuzzo theory.

PACS numbers: 75.70.Ak, 75.60.Ch, 75.60.Lr, 78.20.Ls

Ultrathin ferromagnetic metallic films or multilayers
with perpendicular anisotropy are promising materials
for magneto-optical (MO) recording. ' Up to now, only
little work has been devoted to the study of magnetiza-
tion processes (coercivity, remanence, time-dependent
elects, etc. ) in these materials. ' From a fundamental
point of view, the question remains open whether the
concepts elaborated for bulk materials on the existence
of magnetic domains and walls can be extended to few

monolayers (ML) thick metallic films or whether specific
behaviors are to be expected.

The interpretation of striking dynamical aftereff'ects at
room temperature, first seen on hysteresis loops, ' re-

quires a direct microscopic observation of the develop-
ment of the magnetic domain structure at a constant
magnetic field, lower than the coercive value H, ; this is

an experimental challenge for ferromagnetic films of a
few atomic layers with perpendicular anisotropy. The
process of magnetization reversal is of considerable prac-
tical interest because of its role in thermomagnetic
recording. The study of the mechanism of formation of
domains, i.e., the nucleation of the reversed state and its
growth, is required to determine the factors limiting the
sensitivity in MO recording. For easy-plane-magnetized
ultrathin ferromagnetic layers large domains have re-
cently been observed in zero field.

In this paper we focus on studies of the magnetization
reversal under field of ultrathin hcp Co films of
thicknesses d (6 ML with perpendicular spin anisotro-

py, deposited on a Au(111) buA'er layer. Since
Au/Co/Au sandwiches also display square hysteresis
loops ' and giant magneto-optical eAects they are good
candidates for MO storage media. We demonstrate that
the magnetization reversal occurring just below the coer-
cive field value involves a metastable phase ~here macro-
scopic spin "up" and spin "down" domains coexist. To
analyze the spin reversal we have visualized the time

dependence of the magnetic domain structure on a mi-
crometer scale by means of a magneto-optic micro-
scope. ' The relaxation laws of the related magnetic
aftereA'ect are then discussed in relation with the micro-
scopic processes governing the dynamics of the magneti-
zation. Among several studied samples we found two
diA'erent typical magnetization reversal behaviors, even
for films with comparable thicknesses. We have selected
two samples to illustrate these two limiting cases. The
preparation and structural properties of Au/Co/Au sam-

ples, grown on a glass substrate, have been described ear-
lier. ' Macroscopic MO measurements of the magneti-
zation of Co films are performed by Faraday rotation on
a 1-mm area of the sample. The microscopic magnetic
imaging, realized by Faraday rotation, is improved by
the use of a sensitive charge-coupled-device camera with

high spatial resolution and subsequent image process-
ing.

Faraday-rotation hysteresis loops measured for sam-
ples I and II (d=5 and 5.5 ML, respectively), for two
field sweep rates, are shown in Fig. 1 after subtraction of
the diamagnetic term. The sample I displays a dynamic
behavior similar to that observed in previously studied
samples. The apparent coercive field is time depen-
dent; it decreases with lower sweep rate of the applied
magnetic field. ' The sample II exhibits a squarer hys-
teresis loop than sample I: The nucleation field H~, at
which the magnetization reversal (point S~) starts, is
better defined for sample II. The magnetic aftereA'ect in

both samples is clearly related to thermally activated
processes, as confirmed by the lack of time dependence
of magnetic hysteresis loops at low temperature.

In accord with calculations' which predict very large
domains for our samples () 1 cm) we have observed no
magnetic domain pattern in zero field for virgin films.
The samples are first magnetized to saturation ( —M~)
in a premagnetizing field Hp = —l kOe applied perpen-
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FIG. 1. Room-temperature Faraday-rotation hysteresis
loops for (a) sample I and (b) sample II for two field sweep
rates. The loops at 3800 Oe/s are averaged 32 times and the
diamagnetic contribution subtracted.

FIG. 2. Time evolution of the magnetic domain structure
for (a) sample I at H 470 Oe and (b) sample II at H=4I3
Oe. "Spin up" domains (black) grow at the expense of the
"spin down" state (white). The times, after application of H,
are indicated in the pictures.

dicularly to the film plane. Then the field is reversed
suddenly (rH =70 ms) at t =0 to a positive value
H &0,. We demonstrate that all successive in-field

magnetic domain patterns may be frozen by switching
the field oA', in agreement with the predominance of ir-
reversible processes for magnetization (Mg/Ms & 0.99
for d =5 ML). This fact allows us to accumulate im-

ages of the same state and improve considerably the con-
trast of magnetic origin. Figure 2 gives the time evolu-
tion of the magnetic domain structure at room tempera-
ture for the two samples in fields small enough to ensure
very slow activated dynamics. Reversed "spin up"
domains develop in the initially created "spin down"
state. The domains with magnetization Ms and —Ms,
respep ctively are separated by Bloch walls. The magneti-

llow-zation reversal may be analyzed considering the fo ow-

ing different stages: (i) the nucleation of reversed
domains, (ii) their local expansion from the nuclei, iii
their widening by large domain-wall displacement, and
(iv) the final reversal of small hard magnetic entities
near crystal defects.

Dynamical processes can be analyzed from the relaxa-
tion of the macroscopic magnetization at constant field,
close to its coercive value, following the above premag-
netizing procedure. In the present work the subsequent
change in magnetization is recorded from the variation

of the Faraday rotation (Fig. 3). Thus we can associate
a particular domain pattern with any point of experimen-
tal relaxation curves.

For sample I, a nucleation-dominated reversal is clear-
ly observed [Fig. 2(a)]. The starting of the spin reversal
is dominated by the first two processes (i) and (ii): Nu-
cleation centers appear randomly in the sample and
domains grow irregularly from these nuclei over short
length scales ((5 pm). Such films give rise to nonrec-
tangular hysteresis loops [Fig. 1(a)] because of the local
variations of the nucleation and propagation fields which
provide a distribution of coercive fields through the sam-
ple. A similar behavior occurs in some amorphous Tb-
Fe sputtered films. " This microscopic behavior explains
well the magnetic aftereff'ect in sample I [Fig. 3(a)] and

supports the previous interpretation that magnetization
reversal occurs via thermally activated domain-wall
motion involving short Barkhausen length. Nucleation
phenomena, however, were not discussed in Refs. 4 and
5.

For sample II a wall-motion-dominated reversal is evi-

denced at room temperature in Fig. 2(b). Below the
coercive field the nucleation is a rare event; it is followed

by the subsequent growth of domains by large wall
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FIG. 3. Relaxation of the Faraday rotation for several

values of the field for (a) sample 1 and (b) sample 11.

motion [stages (i) and (iii)]. A small increase of H, pro-
moting more nuclei, considerably accelerates the domain

growth, explaining the relaxation data. In an early
stage, the magnetization reversal comes from the devel-

opment of a few reversed domains, widely separated
from each other. The location of nucleation sites de-

pends upon the magnetic history of the sample: We
checked that the growth process is related to domain-
wall propagation rather than nucleation of small adja-
cent domains existing near domain walls. A direct ob-
servation shows that magnetization develops through
successive wall jumps of a few microns in amplitude, typ-
ical of a magnetic creep phenomenon. The wall surface
is very ragged because of the local variations in coercivi-

ty due to defects and crystal roughness. In this case the
propagation field Hp is undoubtedly smaller than the nu-

cleation field H~. For H) H~, the domain walls ex-
pand rapidly through the film; that gives rise to a square
hysteresis loop which does not depend much on the field

sweep rate. From these microscopic observations it is

straightforward to explain the magnetic aftereAect for
sample II [Fig. 3(b)].

The magnetic relaxation rate is very sensitive to the
applied field value H; it increases for both samples rapid-

ly with H up to the saturation field Hq, for which the
sample transforms in less than 5 ms into a single domain.
More generally, at room temperature, the magnetization
in ultrathin Co films can be reversed at a constant field

H (Hz by thermal activation after waiting long
enough. This points out the metastable nature of the
domain state. At low temperature, the spin down phase
is stable up to the field H =H~, for which an "instan-
taneous" reversal (less than 1 ms) of the largest part of
the magnetization occurs by means of a few large
Barkhausen jumps. As revealed by microscopic domain
observations for both samples (Fig. 2) and by their re-

laxation magnetization curves (Fig. 3) the stage (iv) is

always present in the final stage of the magnetization re-
versal. Local defects can modify the magnetic anisotro-

py thus generating hard magnetic centers which pin the
initial magnetic state. The wall propagation stops tem-
porarily at their boundary, as observed at long times in

Fig. 2; it results in a lacunar domain structure which

evolves slowly towards the uniform reversed state. The
number of hard magnetic centers remaining at a given
time is reduced when increasing the field H, reaching
zero for H=H6. The estimation of Hs is difficult since
a few submicronic centers can always exist in the so-

called saturated state. They act as natural nucleation
centers for initiating domain growth by coming back to a
reversed field. It is important to note that these two

types of magnetization reversal mechanisms have been
also observed in thick (0.1-1 pm) amorphous films of
Tb-Fe, for which usual magnetostatic considerations12, 13

may be applied.
A theoretical model first developed by Fatuzzo' for

polarization reversal in ferroelectric crystals, including
both the nucleation process and domain-wall propaga-
tion, has been extended to interpret the magnetization
reversal in GdTbFe thick films. ' The form of the relax-
ation law strongly depends upon a parameter k propor-
tional to the ratio of the domain-wall velocity v to the
rate of nucleation R. Nucleation- and domain-wall-
dominated reversals are associated to small (sample I)
and large (sample II) k values, respectively. Calculated
relaxation curves are in close agreement with experimen-
tal results (Fig. 3). As for GdTbFe films, ' we checked,
for each Co film at room temperature, that k is rather
insensitive to H since all data fit a universal relaxation
curve which scales with t/r~i2 If Hp stands fo.r the coer-
cive field [Ho(sample I) =550 Oe, Ho(sample II) =477
Oe] the characteristic time r~g, for which M=0, is

found to vary as

r, i, =exp'(Ho —H) .

Such an expression (1) is expected for Bloch wall
movements with A =VpMg/kgT, Vp being the Bark-
hausen volume. The development of the magnetic
domain structure (Fig. 2) suggests that both the nu-
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cleation rate and domain-wall velocity (for H (Ho) are
thermally activated and strongly depend on H in the fol-

lowing manner: '

R =Rpexp[ —(E~ —2HMS Vv )/k8 T]j,
(2)

v =vo exp[ —(Ep 2HMS Vp)/k p Tl .

As found earlier, the Barkhausen volume involved in

the reversal of type-I samples is of the order of 10
pm, while for sample II, the detectable wall jumps al-
low us to estimate Vp-10 pm; these values are con-
sistent with those of k. A severe limitation to the appli-
cation of the Fatuzzo theory' comes from the assump-
tion of the existence of only two activation energies E&
and Ei for nucleation and wall propagation mechanisms.
The shape of the hysteresis loops for type-I samples may
be interpreted only by assuming a Lorentzian distribu-
tion of activation energies. A distribution of Ep is also
expected for sample II since only a partial magnetization
reversal occurs at H~, as confirmed at low temperature.
This means that, even for k =0, the predicted exponen-
tial relaxation' cannot be observed. The relaxation
curves for low-k values are better fitted by the universal
law M(t) =Flin(t/r~y2)], valid for activated dynamics
associated with a distribution of energy barriers; we

deduce Ep/kgT=7. 5 for sample I. For sample II, even
if in a first stage large domain-wall movements occur
(large k value), hard magnetic sites prevent a final rapid
reversal. This leads to a more localized spin reversal in-

volving a smaller eA'ective k value at long time.
Differences in sample preparation conditions were in-

voked to explain the drastic change in magnetization re-
versal observed in Tb-Fe amorphous thick films. ' "
Since the two Co films were prepared in quasisimilar
conditions the origin of such a behavior still remains un-

clear. Stress-induced eA'ects, due in particular to the
Au-Co lattice mismatch and sticking of the film on a
glass substrate, may have strong eA'ects on the nature of
metastable states involved during spin reversal. A strong
influence of roughness can be also emphasized since sur-
face efl'ects play a major role on the stability of the
domain configuration.

In conclusion, we evidenced two limiting behaviors for
magnetization reversal: nucleation- or wall-motion-
dominated processes, but all intermediate situations were
also observed. The dynamics of magnetization are un-

doubtedly strongly affected by weak changes in local

properties which generate distributions of nucleation and
propagation fields inside the Co film. Magnetic relaxa-
tion measurements and domain visualization at variable
temperature are in progress to refine the dynamic
analysis of spin reversal.
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